Background: Early, sorting endosomes are a major crossroad of membrane traffic, at the intersection of the endocytic and exocytic pathways. The sorting of endosomal cargo for delivery to different subcellular destinations is mediated by a number of distinct coat protein complexes, including adaptor protein 1 (AP-1), AP-3, and Golgi-localized, gamma adaptin ear-containing, Arf-binding (GGAs) protein. Ultrastructural studies suggest that these coats assemble onto tubular subdomains of the endosomal membrane, but the mechanisms of coat recruitment and assembly at this site remain poorly understood. Results: Here we report that the endosomal Rab protein Rab4 orchestrates a GTPase cascade that results in the sequential recruitment of the ADP-ribosylation factor (Arf)-like protein Arl1; the Arf-specific guanine nucleotide exchange factors BIG1 and BIG2; and the class I Arfs, Arf1 and Arf3. Knockdown of Arf1, or inhibition of BIG1 and BIG2 activity with brefeldin A results in the loss of AP-1, AP-3, and GGA-3, but not Arl1, from endosomal membranes and the formation of elongated tubules. In contrast, depletion of Arl1 randomizes the distribution of Rab4 on endosomal membranes, inhibits the formation of tubular subdomains, and blocks recruitment of BIG1 and BIG2, Arfs, and adaptor protein complexes to the endosome. Conclusions: Together these findings indicate that Arl1 links Rab4-dependent formation of endosomal sorting domains with downstream assembly of adaptor protein complexes that constitute the endosomal sorting machinery.
Introduction
Eukaryotic cells are divided into compartments by membranes with unique protein and lipid composition. Transport between these compartments is essential for the processing and delivery of newly synthesized proteins and for the redistribution or degradation of proteins internalized from the cell surface. Integral membrane proteins are sorted and concentrated for transport by their interaction with coat protein complexes, which assemble onto the cytoplasmic surface of donor membranes [1] . These include coat protein complex (COP) I and COPII, which function primarily at the ER/Golgi; and clathrin, which functions at the trans-Golgi network (TGN), at the plasma membrane, and on endosomal compartments. In contrast to COPI and COPII, which bind cargo directly, clathrin requires the participation of adaptor proteins that link cargo to the clathrin coat.
In the endocytic pathway, early endosomes are a major sorting ''hub'' from which internalized cargo can be recycled back to the plasma membrane, to the TGN, or be routed to lysosomes for degradation. Morphological studies have shown that cargos destined for recycling or retrograde transport to the TGN become concentrated in tubular extensions of the early endosomal membrane. Sorting of cargos within these tubules is mediated by the heterotetrameric adaptors adaptor protein 1 (AP-1) and AP-3 [2] , the multimeric retromer complex [3] , and monomeric adaptors of the Golgilocalized, gamma adaptin ear-containing, Arf-binding (GGA) family [4] .
It is well established that both the AP-1/AP-3 complexes and the GGAs are recruited to membranes through interactions with small G proteins of the ADP-ribosylation factor (Arf) family [5, 6] . The six mammalian Arfs can be grouped into three classes based on sequence similarity, such that Arf1, Arf2, and Arf3 (the Arf2 gene is lost in humans) constitute class I, Arf4 and Arf5 constitute class II, and Arf6 represents class III [5] . Existing data suggest that class I Arfs are largely responsible for the recruitment of the AP complexes and the GGAs to the TGN [4, 5] , but whether the same Arfs act on endosomal compartments is not known.
Like other GTPases, the Arfs are activated by a family of guanine nucleotide exchange factors (GEFs) that catalyze their loading with guanosine triphosphate [6, 7] . Two of these, BIG1 and BIG2, have been shown to localize to the TGN [8] [9] [10] where they activate Arf1 and Arf3 [8, 11] . The catalytic activity of BIG1 and BIG2 is inhibited by the fungal toxin brefeldin A (BFA), which causes dissociation of AP-1 and GGAs from the TGN and extensive tubulation of TGN membranes. Although a third Arf GEF, Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 (GBF1), is also sensitive to BFA, simultaneous knockdown of both BIG1 and BIG2 phenocopies the effects of BFA on the TGN [12] , suggesting that they act together to promote Arf activation at this site.
Adaptor protein assembly onto endosomal membranes is also sensitive to BFA, but the roles of BIG1 and BIG2 at the early endosome are less clear. Nakayama and colleagues reported that BIG2 is present at the TGN and on perinuclear Rab11-positive recycling endosomes, but not on early, peripheral, early endosome antigen 1 (EEA1)-positive endosomes [11] . Subsequent studies reported that knockdown of BIG1 had no effect on the Rab11-positive recycling endosomes compared to BIG2 knockdown, which caused tubulation of this compartment [12] . However, whether the association of adaptor proteins with early endosomes requires BFA-sensitive GEFs remains to be defined.
Recent studies indicate that GTPases often work together in signaling cascades, and crosstalk between Rabs and Arfs has also been reported. In the ER-Golgi intermediate compartment (ERGIC), Rab1 activity is required to promote recruitment of Arf GEF GBF1, which then activates Arf1 to drive recruitment of the COPI coat [13] . Of particular relevance to this study, recruitment of BIG1 and BIG2 to the TGN was recently reported to be mediated by the Arf-like protein Arl1 [14] . Whether Arl1 also recruits BIG1 and BIG2 to endosomes is not known.
*Correspondence: jec9e@virginia.edu Here we report that Arl1 is present on the Rab4 subdomain of early endosomes, where it is necessary for the recruitment of the BFA-sensitive Arf GEFs BIG1 and BIG2. The BIGs in turn activate Arf1 and Arf3 to promote assembly of the adaptor protein complexes AP-1 and AP-3 and the monomeric adaptor protein GGA-3 onto dynamic Rab4-enriched tubular endosomal domains. Depletion of Arl1 results in a complete loss of BIGs, Arfs, and adaptor proteins, but not Rab4, whereas depletion of Rab4 prevents recruitment of Arl1 and all downstream events. Taken together, these data suggest the existence of a signaling cascade originating with Rab4 and mediated by Arl1 that drives the assembly of carrier vesicles emanating from the early endosomal compartment.
Results

Rab4 Marks a Tubular Endosomal Domain that Contains Multiple Adaptor Proteins
It has been known for many years that Rab4 and Rab5 occupy distinct domains on early endosomal membranes such that Rab5 marks the cisternal domain and Rab4 concentrates in patches that undergo fission from the cisternae [15, 16] . We confirmed that this is the case in Cos7 cells using the endogenous early endosomal marker EEA1 and GFP-Rab4a (Figure 1A) . Colocalization analysis revealed that more than 90% of the endogenous EEA1-labeled endosomes colocalized with GFP-Rab4a ( Figure 1A ). Live-cell imaging of Cos7 cells coexpressing GFP-Rab5 and mCherry-Rab4a demonstrated that the Rab4 domain is highly dynamic, giving rise to tubular extensions that often separate from the endosome before fragmenting into smaller structures ( Figure 1B ; Movie S1 available online).
Immunoelectron microscopy studies have reported the presence of clathrin, AP-1, and AP-3 adaptor protein complexes on tubular structures associated with early endosomes [17, 18] , although the endosomal domain where these adaptor proteins assemble has remained unclear. As shown in Figures  1C and 1E , we found that endogenous AP-1, AP-3, and GGA-3 all concentrated within the Rab4 subdomain of early endosomes and not on the cisternal subdomain (as identified by the presence of EEA1) and also observed a high degree of colocalization between adaptor proteins and Rab4-positive buds.
Because multiple Rab4-positive buds/tubules often emanated from a single endosome, we sought to resolve whether different adaptor proteins localize to the same bud or on distinct buds on the same endosome. For this purpose cells expressing mCherry-Rab4a were fixed and immunostained for pairwise combinations of AP-1 and AP-3, AP-1 and GGA-3, or AP-3 and GGA-3. Quantitative analysis of confocal images revealed that approximately 80% of the buds that contained GGA-3 also contained AP-1 and/or AP-3, whereas AP-1 and AP-3 colocalized with each other on roughly 65% of the Rab4-positive buds ( Figures 1D and 1F ). These observations indicate that Rab4 marks a common site for the assembly of clathrin/adaptor protein complexes on early endosomal membranes.
Rab4 Is Required for Adaptor Protein Assembly at Early Endosome Exit Sites
The selective assembly of three different adaptor protein complexes onto the Rab4 subdomain suggested that Rab4 nucleates formation of a sorting platform from which multiple classes of vesicular carriers emerge. To test this hypothesis we depleted cells of both Rab4a and Rab4b using two different pairs of small hairpin RNA (shRNA) sequences (Figures S1A and S1B). Although we only show results from one pair of shRNAs, identical results were obtained with both sets of knockdowns. We then measured the association of AP-1, AP-3, and GGA-3 with the early endosomal compartment, as defined by the presence of endogenous EEA1. Knockdown of Rab4a and Rab4b did not result in a detectable change in size of early endosomes ( Figure 2A) ; however, association of all three adaptor proteins with EEA1-positive endosomes was significantly reduced: by 47% for AP-1, 64% for AP-3, and 52% for GGA-3 ( Figures 2B-2E ). We did observe residual adaptor protein puncta in Rab4a-and Rab4b-depleted cells that were smaller in size, but were not associated with EEA1-labeled compartments. We interpret these to be recycling or late endosomes. Importantly, Rab4a and Rab4b knockdown did not affect adaptor protein assembly (AP-1, AP-3, and GGA-3) onto the TGN ( Figure S1C ). Together these data suggest that Rab4 is essential for the recruitment of adaptor proteins to early endosomal membranes.
Adaptor Protein Assembly on the Rab4 Subdomain Requires Class I, but Not Class II, Arfs It is well established that recruitment of AP-1 and GGA adaptors to the TGN requires their interaction with one or more Arf family GTPases [5, 6] . However, there are six mammalian Arfs (five in humans), and their respective roles in specific sorting events remain a topic of active investigation. To determine which Arfs are present on the endosomal Rab4 subdomain, we first imaged the recruitment of Arf1, Arf3, Arf4, and Arf5 to Rab4-enriched buds in live cells. As shown in Figure 3A , Arf1 was readily detectable on endosomal membranes where it colocalized strongly with Rab4-positive buds. Arf3 was also present in the Rab4 buds, but at lower levels, despite the fact that it was abundant on larger perinuclear membranes (presumably the Golgi/TGN; Figure 3A ). In contrast, neither Arf4 nor Arf5 was detectable on endosomal membranes (Figure 3A) . These results are consistent with previous studies by Chun et al., who reported the presence of Arf4 and Arf5 at the ER-Golgi intermediate compartments [19] . Additionally, colocalization studies for Arf1, Rab4, and EEA1 revealed that Arf1 colocalized with the Rab4-positive buds and not with the Rab5/EEA1-positive subdomain. These Arf1/Rab4-positive buds were also positive for adaptor proteins ( Figure S2D ). Live-cell imaging studies revealed that the intensity of Arf1 fluorescence on Rab4-positive buds appeared to increase as they matured over time ( Figure 3B ; Movie S2). Interestingly, both Arf1 and Rab4 remained associated with the severed buds that detached from endosomes.
To determine whether Arf1 and/or Arf3 are required for recruitment of adaptor proteins onto endosomal membranes, cells stably expressing mCherry-Rab4a were depleted of each Arf individually and together using small interfering RNAs ( Figures S2A-S2C ). Cells were then loaded with Alexa 488-labeled transferrin for 5 min to mark the early endosomal compartment; fixed; stained for AP-1, AP-3, and GGA-3; and imaged by confocal microscopy. Interestingly, knockdown of Arf1 resulted in formation of long tubules emanating from the Rab4 subdomain ( Figure 3C ). In contrast knockdown of Arf3 did not induce endosomal tubulation, although shorter, less robust tubules were occasionally observed. We did observe a significant increase in tubule length when both Arf1 and Arf3 were knocked down, which was comparable to when cells were treated with BFA ( Figure 3C ). Arf1 knockdown resulted in an almost complete loss of both AP-1 and AP-3 from the endosomal membrane ( Figures 3D-3F ). More importantly, Arf3 depletion did not significantly impair recruitment of AP-1 or AP-3 to endosomal membranes (Figures 3E and 3F) . However, Arf3 depletion did reduce the level of GGA-3 on endosomal membranes by 50%, which was equivalent to the reduction observed upon knockdown of Arf1 ( Figure 3G ). Knockdown of both Arf1 and Arf3 had a small but statistically significant additive effect on GGA-3 recruitment ( Figure 3G ), suggesting that the two Arfs have overlapping, but not completely redundant, functions in this process.
Adaptor Protein Recruitment to the Rab4 Subdomain Is Sensitive to BFA Previous studies have revealed that the Rab4 domain of early endosomes is sensitive to BFA [15] . In this context treatment with BFA results in tubulation of the Rab4 domain without affecting the cisternal Rab5 domain of the endosome [15] . However, recent studies have suggested that none of the BFA-sensitive Arf GEFs associate with early, EEA1-positive endosomes, although BIG2 was reported to associate with perinuclear recycling endosomes [11] . (A) Endosome size was measured based on endogenous EEA1 staining in control and Rab4a-and Rab4b-depleted Cos7 cells. n = 564 endosomes for control, and n = 1,150 endosomes for Rab4a and Rab4b knockdown (KD). There was no significant change in endosome size. (B) Control and Rab4a-and Rab4b-depleted Cos7 cells were fixed and stained for endogenous EEA1 (blue) and AP-1 (red). Scale bars, 10 mm (top) and 1 mm (bottom). (C-E) Quantification of endogenous AP-1 (C), AP-3 (D), and GGA-3 (E) fluorescence on early endosomes in control and Rab4a-and Rab4b-depleted cells. In (C), n = 1,510 endosomes for control, and n = 1,438 endosomes for Rab4a and Rab4b KD. In (D), n = 805 endosomes for control, and n = 1,068 endosomes for Rab4a and Rab4b KD. In (E), n = 861 control, and n = 985 endosomes for Rab4a and Rab4b KD. Error bars represent mean 6 SEM. Asterisks indicate a significant difference at p < 0.0001. Mann-Whitney test was used to test for significance. See also Figure S1 .
To confirm the BFA sensitivity of early endosomes, cells expressing GFP-Rab4a were incubated with 5 mg/ml BFA for 10 min and imaged live by confocal microscopy. Within minutes of BFA addition, tubules began to emerge from the Rab4-enriched endosomal buds, many of which extended for long distances across the cell ( Figure 4A ). These tubules remained Rab4 positive, indicating that association of Rab4 with tubule membranes is not intrinsically BFA sensitive. Extension of tubules was temporally preceded by dissociation of Arf1 ( Figure 4B ) from endosomal membranes (Movies S3 and S4). As predicted, BFA treatment also resulted in the loss of AP-1, AP-3, and GGA-3 from the endosomal membranes ( Figures  4C-4F ). Taken together, these findings implicate a BFA-sensitive Arf GEF in the recruitment of adaptor proteins to the early endosome.
Rab4 Is Essential for Recruitment of BIG1 and BIG2 to Early Endosomes
To identify the Arf GEFs associated with early endosomes, we loaded cells with transferrin for 5 min to mark the early endosomal compartment and stained for each of the three endogenous BFA-sensitive GEFs GBF1, BIG1, and BIG2, and for EEA1. As shown in Figure 5A , GBF1 localized to the Golgi and to dispersed puncta that were not associated with the transferrin-containing compartment (presumably ERGIC). In contrast, both BIG1 and BIG2 were found to concentrate on the transferrin-containing domain of the early endosome ( Figure 5A , second and third panel). Exogenously expressed hemagglutinin-tagged BIG1 and BIG2 also localized to the Rab4-positive buds ( Figure S2E ). Furthermore, knockdown of Rab4a and Rab4b resulted in 80% loss of endogenous BIG1 from endosomal membranes without affecting the TGN pool of BIG1 (Figures 5B-5D ). Thus we conclude that Rab4 is essential for the recruitment of BIG1 and BIG2 to the early endosome.
Arl1 Mediates Recruitment of BIG1 and BIG2 to Early Endosomes Recent evidence has suggested that the Arf-like protein Arl1 facilitates recruitment of both BIG1 and BIG2 to the TGN through a direct interaction with the N terminus of the BIGs [14] . As shown in Figure 6A , we found that Arl1 also associates with early endosomes, where it concentrates in the Rab4-positive buds. To determine whether Arl1 is required for recruitment of BIGs to early endosomes, cells were depleted of Arl1 using two different shRNA sequences (Figures S3A and  S3B) . Control or Arl1-depleted cells were then loaded with Alexa 488 transferrin for 5 min to mark early endosomes, fixed, and stained for endogenous BIG1 and AP-3. In control cells, BIG1 and AP-3 colocalized perfectly at the transferrin-containing endosomes ( Figure 6B , upper panel, arrowheads indicate endosomes). In contrast, recruitment of both BIG1 and AP-3 to the transferrin-containing endosomes was greatly reduced in Arl1-depleted cells ( Figure 6B, lower panel) . We quantified the loss and found that there was a 70% decrease of BIG1 (Figure 6D ) and a 92% decrease of AP-3 ( Figure 6C ) from early endosomes after Arl1 knockdown. Parallel studies revealed that recruitment of AP-1 (73% decrease) and GGA-3 (71% decrease) was similarly impaired by Arl1 knockdown ( Figures  6E and 6F) . We therefore conclude that Arl1 is required for the recruitment of BIG1 and adaptor proteins to the early endosomes.
In contrast, Arl1 depletion did not impair recruitment of Rab4 to endosomal membranes ( Figure 7A ), suggesting that Arl1 acts downstream of Rab4. In the Arl1-depleted cells, the Rab4-positive endosomes remained positive for Rab5 (Figure S3C) . We also observed a dramatic increase in endosome size, further suggesting that exit of cargo from sorting endosomes was significantly impaired. A similar increase in the size of EEA1-positive endosomes was also seen in the absence of exogenous GFP-Rab4a (Figure 7B) , ruling out the possibility that this could be an artifact of Rab4 overexpression. However, Arl1 knockdown did randomize the distribution of Rab4 on the endosomal membrane, effectively preventing formation of the characteristic Rab4 subdomain containing BIG1 and adaptor proteins ( Figure 7C ). Live imaging of cells expressing GFP-Rab4a indicated that endosome-endosome fusion continued normally but that Rab4-positive tubules did not extend from endosomal membranes after depletion of Arl1 ( Figure 7D ). Furthermore, treatment of Arl1-depleted cells with BFA did not result in endosomal tubulation, suggesting that one or more Arl1 effectors are necessary for the formation of BFA-induced tubules ( Figure 7E ; Movies S5 and S6). Livecell imaging also revealed the absence of Arf1 on Rab4-positive endosomes in Arl1-depleted cells ( Figure S3D ). Taken together, these observations indicate that Arl1 acts downstream of Rab4 to promote assembly of the early endosomal sorting machinery.
Discussion
It is well established that early endosomes are divided into vacuolar and tubular subdomains. Ultrastructural studies have demonstrated that the tubular subdomains are similar to the TGN in the sense that endosomal tubules give rise to multiple classes of carrier vesicles targeted to different destinations. For this reason these endosomal tubules are sometimes referred to as the tubular endosomal network (TEN) [20] .
Here we show that Rab4 marks one such tubular subdomain of the early endosome and orchestrates a GTPase cascade in which Rab4 is essential for the recruitment of the Arf-like protein Arl1, which recruits the BFA-sensitive Arf GEFs BIG1 and BIG2 to the Rab4-positive TEN. These GEFs in turn locally activate the class I Arfs Arf1 and Arf3, which promote assembly of both tetrameric (AP-1 and AP-3) and monomeric (GGA-3) adaptors onto the tubular membranes, where they capture their respective cargos and initiate carrier vesicle formation. In the absence of Rab4, the TEN does not form, and neither Arl1 nor any of the downstream sorting machinery assembles onto the endosomal membrane. Thus Rab4 acts to nucleate assembly of multiple classes of carrier vesicles at the early endosome.
Nonredundancy of Class I Arfs in Adaptor Protein
Recruitment A particularly interesting result of this study is that Arf1 and Arf3, which are 97% identical at the amino acid level, appear to have overlapping but distinct functions in adaptor protein recruitment. Although both are present on the Rab4 subdomain, we found that knockdown of Arf3 has little effect on recruitment of either AP-1 or AP-3. This is in agreement with a recent report by Melancon and coworkers, who noted that Arf3 depletion did not displace AP-1 from the TGN [21] . Conversely, we show here that knockdown of Arf1 essentially abrogates recruitment of the tetrameric adaptors, resulting in the formation of long, Rab4-positive tubules similar to those induced by BFA. This finding in Cos7 cells contrasts with observations by Volpicelli-Daley et al., who showed that In (E), n = 649 endosomes for control, n = 982 endosomes for Arf1 KD, n = 518 endosomes for Arf3 KD, and n = 316 endosomes for Arf1/Arf3 KD. In (F), n = 326 endosomes for control, n = 676 endosomes for (legend continued on next page) endosomal tubulation required simultaneous knockdown of both Arf1 and Arf3 in HeLa cells [22] . These differences may reflect the relative levels of endogenous Arf1 and Arf3 expression in different cell types. However, it should be noted that we did see an inhibitory effect of Arf3 knockdown on recruitment of GGA-3 to the TEN, suggesting that Arf3 functions selectively in GGA-dependent sorting events. Interestingly, knockdown of either Arf1 or Arf3 resulted in a 50% reduction in GGA-3
Arf1 KD, n = 330 endosomes for Arf3 KD, and n = 685 endosomes for Arf1/Arf3 KD. In (G), n = 356 endosomes for control, n = 198 endosomes for Arf1 KD, n = 311 endosomes for Arf3 KD, and n = 408 endosomes for Arf1/Arf3 KD. Unless specified, the Mann-Whitney test was used to test for significance. Error bars represent mean 6 SEM. Asterisks indicate a significant difference with respect to control at p < 0.0001. See also Figure S2 and Movie S2. recruitment to early endosomes, and double knockdown did have a modestly additive effect. This suggests that the two Arfs may act in series, or that they act on distinct steps in the recruiting process. The remaining 50% of GGA-3 association may be mediated by Arl1, which has been shown to associate with the N-terminal Vps27, Hrs, and STAM (VHS) domain of GGAs, whereas Arfs associate with the more C-terminal GGAs and TOM1 (GAT) domain [23, 24] .
Arf Activation at the TEN The fungal toxin BFA inhibits the catalytic activity of a subset of Arf GEFs by stabilizing a conformational intermediate in the nucleotide exchange reaction [7, 25] . Although it is well established that Rab4 subdomains of the early endosome are sensitive to BFA [15] , the nature of the GEFs that activate Arfs at this site has remained elusive. Here we show that two of the three BFA-sensitive Arf GEFs, BIG1 and BIG2, are present on the Rab4 subdomain of Rab5/EEA1-positive sorting endosomes.
Previous studies have shown that BIG1 and BIG2 are abundant on the TGN [8] [9] [10] , whereas BIG2 is present on perinuclear recycling endosomes [11, 26, 27] . More recent functional studies reported that knockdown of either BIG2 alone or both BIG1 and BIG2 resulted in tubulation of Rab11-positive recycling endosomes, but did not affect Rab4-positive sorting endosomes [12] . In contrast, our morphological evidence not only demonstrates colocalization of both BIGs with Rab4 on sorting endosomes, but also shows that Rab4 depletion results in a complete loss of BIGs from this compartment. One possible explanation for the discrepancy between our findings and those reported by Nakayama and colleagues could be the resolution used for imaging. The fluorescence intensity of early endosomal BIG staining is lower than it is on perinuclear compartments and typically required longer exposure times to resolve. Importantly, Rab4 knockdown did not affect association of the BIGs with the TGN, suggesting the existence of an endosome-specific mechanism of recruitment.
A Role for Arl1 in Arf GEF Recruitment to the TEN How does Rab4 promote assembly of the BIGs onto endosomal membranes? Recent evidence indicates that recruitment of Sec71 (the single Drosophila ortholog of the mammalian BIGs) to the TGN requires a direct interaction with the Arf-like protein Arl1 [14] . Arl1 appears to interact with an N-terminal region of Sec71 containing the dimerization and cyclophilin binding (DCB) domain and part of a second domain referred to as homology upstream of Sec7 (HUS), both of which are conserved in mammalian BIG1 and BIG2. This region is both necessary and sufficient to target Sec71 to the TGN. Moreover, knockdown of Arl1 leads to displacement of both BIGs from the TGN in mammalian cells [14] . Here we found that Arl1 is also concentrated in the Rab4 subdomain of early endosomes, where it is similarly necessary for recruitment of BIG1 and BIG2.
Interestingly, we found that knockdown of Arl1 not only inhibited the recruitment of the BIGs, Arfs and adaptor proteins to the TEN, but also randomized the distribution of Rab4 on the surface of the endosome such that it was no longer concentrated in discrete foci. Arl1 is known to interact with several large Golgi-associated proteins (golgins), which are necessary for efficient export of specific cargos from the TGN in yeast [28] and mammalian cells [29] . A subset of golgins have been shown to bind Rab proteins directly [30] , and it is plausible that golgin-like proteins may help cluster Rab4 at endosome exit sites. Alternatively, yeast Arl1 has been reported to form a complex with the phospholipid flippase Drs2p and the yeast GBF1 ortholog Gea2p, in which the interaction with Gea2p is necessary for Drs2p activity [31] . If a similar complex exists in metazoans (containing Arl1, one of the several metazoan Drs1 orthologs and the BIGs), it could modulate phospholipid dynamics on endosomal membranes to promote Rab4 clustering.
Rab4 as Part of a Signaling Cascade
It is increasingly apparent that GTPases often act in regulatory cascades [32] . For example, in the endocytic pathway, Rab5 recruits the Rab7 GEF sand1/mon1 to facilitate endosome maturation [33] . Among the Arfs, Arf6, Arf1, and Arl4 have all been shown to recruit the Arf GEF ARNO/cytohesin-2 to membranes [34, 35] , where it subsequently activates Arf1 [34] . In yeast, Arf1 was recently shown to participate in recruitment of the BIG ortholog Sec7p to the TGN, where it further stimulates Arf1 activation in a positive feedback loop [36] . , and GGA-3 (F) fluorescence on EEA1/transferrin-containing endosomes. In (C), n = 252 endosomes for control, and n = 154 endosomes for Arl1 KD. In (D), n = 324 endosomes for control, and n = 116 endosomes for Arl1 KD. In (E), n = 207 endosomes for control, and n = 214 endosomes for Arl1 KD. In (F), n = 164 endosomes for control, and n = 195 endosomes for Arl1 KD. Mann-Whitney test was used to test for significance. Error bars represent mean 6 SEM. Asterisks indicate a significant difference at p < 0.0001. See also Figure S3 . Crosstalk between Rabs and Arfs has also been demonstrated. In the endocytic pathway, Rab35 and Arf6 reciprocally regulate each other; Rab35 binds the Arf6 GTPase-activating protein (GAP) ACAP2 [37, 38] , whereas Arf6 recruits the Rab35 GAP EPI64B [39] . Here we show that Rab4 is necessary for recruitment of Arl1, which then promotes assembly of the Arf GEFs, Arfs, and adaptor proteins that drive the sorting and packaging of endosomal cargo. However, it is not yet clear how Rab4 is coupled to Arl1. Although it is plausible that Rab4 recruits an Arl1-GEF to the endosomal compartment, no such GEF has yet been identified in metazoans. Mon2/Ysl2 is a BIG-like protein that associates with Arl1 and contains all of the conserved domains present in BIG1/BIG2/GBF1, but lacks nucleotide exchange activity toward Arl1 [40] . Identifying a metazoan Arl1 GEF and determining how it is linked to upstream signaling events will be an important area of future research. Finally, it remains possible that the Arl1/BIG/Arf machinery requires Rab4 to initiate assembly of the TEN but that its assembly onto the TEN occurs independently of Rab4. Presumably this would still require local activation of an Arl1 GEF, and defining how this is linked to TEN formation will require additional investigation.
Conclusions and Future Directions
It has been proposed that an ordered series of transitions from one GTPase to another not only helps to activate/deactivate the subsequent GTPase, but also helps recruit other effector proteins [41] . We report that Rab4 initiates such a cascade that recruits Arl1 to the TEN where it recruits the Arf GEFs BIG1 and BIG2 that then activate class I Arfs for adaptor protein recruitment. We further hypothesize that this cascade may also help recruit other effectors contributing to vesicle formation and fission. Future experiments will be aimed at identifying the molecular link(s) between Rab4 and Arl1, determining how Arl1 contributes to Rab4 clustering on the endosomal membrane, and identifying other effector proteins that contribute to vesicle formation at the TEN.
Experimental Procedures
For a list of reagents and details on methods, refer to the Supplemental Experimental Procedures.
Confocal Microscopy and Image Analysis
Images were captured after satisfying the Nyquist criteria for sampling using a 1003, 1.49 numerical aperture total internal reflection fluorescence objective on a Nikon C1 Plus confocal scanner. Z sections of 0.25-0.5 mm were taken. For every experiment, a series of test images were taken to identify exposure gains that minimized oversaturation, and this gain was subsequently used. When comparing two treatment groups, the same exposure gains were employed. The 12 bit images were analyzed using NIS-Elements software (Nikon). A single optical section was analyzed per cell. Three to ten cells from three independent experiments were analyzed for each experiment. The ''n'' in the figure legends represents the total number of endosomes analyzed from these cells. For quantitation, an image segmentation tool was used to define endosomes based on signal intensity of either fluorescent transferrin, EEA1, or Rab4. The segmented endosomes were marked as regions of interest (ROI), and the fluorescent intensities for colocalizing proteins were measured in each ROI/endosome. Fluorescence intensities were calculated as mean fluorescence intensity or concentration (integral fluorescence intensity divided by the endosome area in pixels, which accounts for endosomal size) on a per-endosome basis. Colocalization of adaptor proteins, EEA1, or GEFs on Rab4-positive endosomes was quantified as Pearson's coefficient on a per-endosome basis using the colocalization tools in NIS-Elements.
Statistical Analysis
GraphPad Prism 6 software was used for all statistical analysis. In the course of analysis, we found that the amount of endosome-associated adaptor protein signal varied with endosome size, such that smaller endosomes were dimmer compared to larger ones. Because the endosomal adaptor protein fluorescence intensity follows a nonparametric distribution, the MannWhitney test was used to test for significance between two groups. In the case of multiple comparisons, Kruskal-Wallis one-way analysis of variance was used along with Dunn's multiple comparison tests. For all other statistical analysis, Student's t test was used to test for significance.
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